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Abstract - The use of non-invasive geophysical methods in criminal investigations is still relatively uncommon especially when compared to more conventional methods (e.g., aerial and remote sensing, cadaver dogs, excavation, etc.). Near-surface geophysical techniques, and particularly ground-penetrating radar (GPR), have been used with varying degrees of success to locate clandestine graves, but multi-disciplinary studies have shown that cadaver detection is generally problematic after a long period of burial. Since the success of geophysical techniques is predominantly dependent upon the contrast between the target and host materials, there is a need for scientific research to try and quantify both target and site variables and how they may change over time which may therefore affect forensic burial detection.
This paper reports on recent near-surface high-frequency (450 and 900 MHz) GPR surveys over two contrasting simulated clandestine burial case studies in a difficult urban environment: a simulated 12 year old adult burial and a recent juvenile burial using contrasting materials. 
Accurate GPR data processing, integration and 3D visualization (time-slice) techniques were essential to recognize and isolate the often subtle GPR anomalies over ‘graves’ in this complex, urban environment. GPR results compared well with bulk ground resistive anomaly locations, although GPR was higher resolution, better resolved the older burial and provided a depth estimate to the buried target.
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I. INTRODUCTION
Forensic geophysics, defined as ‘the application of geophysical methods related to legal investigations’ [9], is still uncommon in normal police practice compared to more conventional methods (aerial survey/photographs and remote sensing, site walking by anthropologists and archaeologists, cadaver dogs, excavation). Although more routinely used in engineering, environmental and archaeological applications, such as burial site investigations or the search for tombs [1], [3], [5], [12], [19], [21], [22], [33], near-surface geophysical techniques have been used with varying degrees of success in forensic applications [4], [6]. 
Ground Penetrating Radar (GPR) is probably the most commonly-used, forensic geophysical technique. GPR has been used to locate unmarked cemetery graves or mass graves [1] [7], and in murder investigations to locate shallow clandestine burials [9], [20], [26] [31]. There have also been simulated burial studies using GPR [2], [4], [15] in an effort to improve clandestine burial detection rates. Some studies have demonstrated that locating individual archaeological graves or clandestine cadavers after a long period of burial is generally problematic, because of limited skeletal remains and soil compaction. 
The success of a geophysical technique to locate a clandestine grave can be very site and time dependent because of variations in ground material type and distribution and perhaps the amount of cadaver decomposition (ranging from incomplete to skeletonised). Numerical modeling [13] in a simple environment has shown the potential of GPR for detailed characterization of a suspect site, but also showed the need for high-frequency antennae (900 MHz or greater) and small sample point intervals (< 10 cm) to both recognize and correlate diagnostic features of a human target across successive radargrams. Because of strong signal attenuation due to the high conductivity of biological tissues, [13] also suggested that only the reflections from the upper parts of the human body could be detectable by GPR. High clay fraction, salinity and soil water content, scattering from background heterogeneities and advanced state of decomposition can all have a detrimental effect on the detectability of buried human remains. 
Resistivity is the other near-surface geophysical technique that has been proven for detecting clandestine burials, in both real cases [2], [8], [29] and simulated [4] studies, when used on a small grid survey pattern (typically using 0.25 m to 0.5 m -spaced data point samples). This technique measures the bulk ground resistivity of a volume of material below the sample position whose thickness roughly correspond to the electrode separation [25]. Twin-probe surveys are used to build up a high-resolution map of near-surface variations in earth resistivity. Low resistivity anomalies with respect to background values are expected over clandestine burials. Although more time consuming to collect, Electrical Resistivity Tomography (ERT) can produce high-resolution, vertical 2D resistivity contoured images or profiles of the near-surface. Since resistivity methods are particularly sensitive to moisture content variations, ERT surveys are sometimes used in forensic investigations to detect spatial resistivity changes in near-surface materials and especially fluids that may be associated with graves [8], [23], [30].
To be considered successful, forensic geophysical investigations should rapidly, and non-invasively survey a site, identify anomalous areas for intrusive excavations and even establish the potential burial characteristics (e.g. target depth, orientation, size, distribution and condition). Although multi-disciplinary studies have shown to improve the detection of clandestine burials [2], [10], [11], using a number of techniques is time-consuming and therefore impractical for real cases. Published geophysical reports on simulated clandestine graves generally use a single technique, usually GPR or bulk ground resistivity, which are considered to be the most successful techniques under favorable ground conditions.
Because of the legally sensitive nature of the subject, little background literature is available on the use of geophysical methods for criminal investigations. This fact, together with the limited success of geophysical techniques reported in some published forensic case studies (due either to unfavorable site ground conditions or to survey time constraints) outlines the need for extensive quantitative scientific research over simulated clandestine burials in realistic situations. As such, new insights will be gained into the full optimization of geophysical techniques and their ability to assist forensic investigators at real crime scenes. 
II. METHODOLOGY
The Applied and Environmental Geophysics Group (AEG) at Keele University is currently involved in collaborative research projects with Forensic Science Practitioners at Staffordshire University for the geoscientific simulated burials research. Project objectives are to both provide ‘real-world’ crime scenes for forensic science undergraduates’ taught studies and for research purposes to establish, compare and disseminate multi-disciplinary methodologies in complex environments. This paper reports results related to detailed processing and visualization of GPR data (and comparisons with bulk-ground resistivity) to two forensic case studies in a complex, urban environment. These are time-lapse (repeat) near-surface geophysical surveys over simulated clandestine graves with the following scenarios:
	Detection of relative long-term (12 year) adult murder victim (‘SID’ project);
	Detection of recently buried juvenile murder victim (‘Juvenile’ project).
Both projects are based in the garden of the Staffordshire University’s Crime Scene House (CSH) (Figure 1). The site is a challenging urban environment, comprised of a shallow (0.05 m) organic-rich top soil and a top ‘made-ground’ layer of heterogeneous ground containing bricks, large stone fragments, industrial waste products and tree roots, overlaying (at ~0.5 m below ground level) the natural fluvial sediments deposited by the nearby River Trent. The natural ground is dominated by clay-rich, iron-rich fluvial sands with isolated, well-rounded, quartz pebbles.

Figure 1. Location map (inset) and photograph of the Staffs Uni. Crime Scene House (CSH) garden, showing the ‘SID‘ survey area (large square) and grave location (small square).

In the first study (SID), in May 2006 a fully-clothed, plastic-resin human skeleton, animal products (heart, lung, liver and kidneys) and 4.5 litres of physiological saline (representing blood) were placed in anatomically correct positions within a ~2 m by ~0.5 m clandestine grave-site at ~0.6 m below ground level in the garden centre (Figure 1). The site was geophysically surveyed using various methods one month prior to burial (to act as control datasets), then one and three months post-burial to ascertain if the geophysical responses changed over the sampled time period (see [24]). The remains were later recovered by Staffordshire University Forensic Science undergraduate students.
In the second study (PIG), in March 2007 two ~30 kg, domestic pig cadavers (with most internal organs removed) were buried at ~0.6 m depth in the SE sector of the CSH garden (Figure 2) to simulate recent clandestine burials, one being geophysically surveyed (using GPR and bulk ground resistivity) the other for biochemical analysis (see [14]). A GPR dataset was acquired after 18 weeks of burial, whereas bulk ground resistivity was collected every 2 weeks post-burial for 6 months.

Figure 2. Photograph of the ‘PIG‘ study site showing positions of the two carcasses (small squares), the site (large square) and the bulk ground resistivity data being collected.
III. SID PROJECT
1.1	Data acquisition and processing
For the time-lapse forensic investigations various geophysical methods were used to survey a rectangular garden area (~40 m by 6 m) along 1 m-spaced survey lines in a one-way (south to north) pattern [24]. Detailed bulk ground resistivity and GPR surveys were also carried out in a smaller area (5 m by 6 m) along 0.5 m-spaced lines to obtain higher-resolution datasets over the simulated grave position (Figure 1). The study site was also accurately topographically surveyed using a Leica 1200 system total station theodolite.
PulseEKKO™ 1000 equipment using both 450 MHz and 900 MHz dominant frequency, bi-static, co-planar shielded antennae were used to acquire the GPR repeat-surveys. The 900 MHz antennae were determined to provide the best near-surface images in this difficult, dominantly made-ground environment and were subsequently used to acquire three sets (before burial, then one and three months post-burial) of fixed-offset (0.17 m) 2D profiles with 2.5 cm trace spacing, 32 pulse stacks and a 50 ns time window. The 450 MHz frequency (0.25 m offset) GPR profile data with 5 cm trace spacing, 32 pulse stacks and 120 ns time window was also acquired over survey lines 10 to 14 during the one month post-burial survey to check that the 900 MHz frequency was still optimal. Velocity analysis was performed both using a field-acquired Common-Mid-Point (CMP) profile and through hyperbola matching on common-offset profiles. An average velocity of 0.09-0.10 m/ns was estimated for the first two datasets (spring) and slightly higher values (0.10-0.11 m/ns) were obtained for the third dataset (summer). Standard GPR processing steps were performed with REFLEX-W™ software to optimize GPR image profile quality (Table 1).
Table 1. Processing steps for the GPR surveys 
Step	Processing
1	Trace editing
2	Static correction (First break picked and flattened to 0 ns on first break arrivals)
3	Time-cut (40ns)
4	Spherical divergence compensation (boosted deeper reflection events without losing relative amplitudes)
5	[150 - 1800] MHz band-pass filtering (to remove low- and high-frequency noise)
6	Background removal (mean trace removed to boost lateral variations)
7	Average velocity estimation (for migration and time to depth conversion)
8	F-K (Stolt) migration (to collapse parabolic reflections and improve image resolution)
9	3D topographic correction (using total station survey measurements to correct dataset for any surface variations)
10	Horizontal time-slices generated every 2.5 ns (0.25 m by 0.25 m grid) using absolute amplitudes

A RM4 Geoscan resistance meter mounted on a custom-built, twin-probe array on a mobile frame that features two, 10 cm-long, steel probes set 0.5 m apart, was used to collect the bulk ground resistivity surveys. Reference probes were placed 10 cm into the soil and situated 0.75 m apart and were positioned 20 m from the survey grid. The surveys consisted of 0.5 m spaced, sample data points collected along each survey line on a south to north one-way pattern. 
Table 2. Processing steps for the resistivity surveys 
Step	Processing
1	Readings converted to (x, y, value) format in Microsoft Excel spreadsheets
2	Median filtering (block size 0.5 m by 0.5 m)
3	Interpolation using a minimum-curvature gridding algorithm (block size 0.02 m by 0.02 m) 
4	Removal of linear trends
5	Data plotted with lower / upper limits set at two standard deviations below and above grid mean
Data were processed according to Table 2 in order to allow direct comparisons of the different resistivity datasets at the same site, and to enhance resistivity changes that otherwise could be masked by background value variations.

1.2	 ‘Sid’ Results











Locating the grave position in the GPR datasets proved difficult from just looking at 2D profiles, especially for the third month dataset, because of the heterogeneous site materials. On a few profiles, such as profile L12.5 (Figure 3), relatively deep, high-amplitude hyperbolic anomalies could be seen at the expected target position in both the first (June 2006) and third month (August 2006) datasets. After migration using the same average velocity value (0.10 m/ns), these anomalies (blue in Figure 3) are located at approximately the true target depth. However, they are located at an apparent slightly shallower depth in the third month because of a slight increase of average velocity due to lower summer water content in the near-surface materials. Sharp lateral discontinuities of the shallow soil stratigraphy are visible in both the raw and processed first month profile (white dashed), although they are less sharp in the third month profile, where they resemble more a collapse feature, probably due to grave compaction and material degradation within the grave (Figure 3). The same process is probably responsible for the lateral variation of the first-arrival pulse, enhanced by background removal in the processed profile (square), which was observed in a number of profiles above the grave location in the third month dataset. This observation agrees with the results of previous researches [1], [18], [32] where soil disturbances were used to locate graves.  Higher signal attenuation beyond 0.5-0.7 m depth marks the top of the natural clay-rich ground, in agreement with the stratigraphy results of the forensic excavation.


Figure 4. 3D visualization of the third month GPR data-set over ‘SID’, shown by shallow soil disturbances (rectangle) and deep anomalies (circles) caused by the target. Depth scale uses an average site velocity of 0.1 m/ns.

After careful processing and using 3D visualization tools, such as fence diagrams (Figure 4) or time-slice representations (Figure 5), it was possible to obtain an overview of the subtle target anomalies, both at surface and at depth, that indicate the presence of the clandestine grave. The shallow disturbance (square in Figures 3 and 4) was particularly important to detect the presence of a grave in the third month dataset, since it could have been missed if based only on the deep anomalies from the buried target or its related fluids (circles in Figures 3 and 4). Because of these anomalies only being imaged on a few profiles, their similarity with the diffractions from the upper heterogeneous layers and their proximity to the interface between the made-ground and deeper natural deposits, the deep anomalies could have been misinterpreted as a local thickening of the made-ground layer. A better identification of the clandestine burial could probably have been obtained with a denser dataset (0.25 m line spacing) that could have provided a better spatial correlation of the deeper anomalies.


Figure 5. Selected time-slices from the GPR surveys over SID showing high-amplitude target anomalies (squares). Depth scale uses an average velocity of 0.1 m/ns.

The horizontal time slices (Figure 5) obtained from the migrated and topographically corrected GPR dataset were successful at resolving the grave from background materials. Both the 450 and 900 MHz datasets from the first month survey showed a high-amplitude, rectangular anomaly between 75 and 100 cm depths, correlating well with the known grave position. Its central part was also visible in a deeper slice (100-112.5 cm), especially in the 450 MHz data, and could be interpreted as fluid accumulation at the base of the burial pit. The grave anomaly is visible at shallower times and, hence, depths, in the third month dataset because of the slight increase in average velocity during summer, as already illustrated in the analysis of the 2D profile (Figure 3 and arrows in Figure 5). The 450 MHz data showed only a minimal increase in penetration depth, compared to the 900 MHz data, at the expense of resolution. These results suggested the use of high-frequency GPR antenna for forensic surveys.
The bulk-ground resistivity maps for the same area surveyed with GPR are shown in Figure 6. Data have been processed according to Table 2. As expected, low-resistivity anomalies can be correlated to the target position. Despite the presence of a small negative peak even in the pre-burial dataset, both an amplitude increase and spatial spreading of the negative anomaly with respect to background values with elapsed time from burial can be observed, that is also observed in ERT 2D vertical sections [24]. This change in resistance could be interpreted as accumulation of conductive fluids from the target at the base of the burial pit and their progressive migration.
The position of the low-resistive anomaly correlates with the deep GPR anomaly (Figure 5) and the known target location. Although slower to acquire, GPR data also provided a better spatial resolution of the target and important additional information on its depth. Using both methods can provide insights for a better understanding of the near-surface fluid dynamics in the presence of a buried body.


Figure 6. SID project: Bulk-ground resistivity normalized mapview plots of the same area surveyed with GPR. Grave position is marked by rectangle. Modified from [14].

IV. ‘JUVENILE’ PROJECT
1.3	Data acquisition and processing
The geophysical surveys performed for the simulated juvenile study using domestic pig cadavers were carried out in an 8.0 m by 4.5 m area, located in the SE sector of the CSH garden (Figure 2). Both the bulk ground resistivity and GPR surveys were carried out along 0.25 m-spaced profiles using the same instrumentation and survey configurations as described in the previous section. 
450 MHz dominant frequency antennae were used for this GPR survey, with 5 cm trace spacing and 70 ns time window. GPR data processing steps were similar to those described in Table 1, except that only the DC frequency component was filtered out and a much lower velocity value (0.064 m/ns) was derived, probably due to the exceptional rainfall just prior to the survey. Consequently, a different time window (4 ns) was used in the time slice generation to obtain a slice thickness (12.8 cm) similar to the previous study (12.5 cm). Moreover, the smaller cross-line spacing allowed a smaller interpolation grid (0.125 m by 0.125 m) that gave a better spatial resolution of the smaller target.
The bulk ground resistivity surveys consisted of 0.25 m spaced sample data points collected along each survey line. Data were processed in a way similar to Table 2, except that a cubic site trend (instead of a linear one) was removed to enhance the potential spatial resistivity variations.
1.4	‘Juvenile’ Results
[27] and [28] showed GPR hyperbolic reflections over simulated clandestine burials using large or small pig cadavers (as human ‘proxys’) up to 20 months after burial in ideal site conditions: nearly homogeneous sand with a flat topographic surface and shallow burial depth (~0.5 m). Conversely, their studies showed the increasing difficulty in the detection of either small pigs buried in sands for extended periods if a grave response was not produced from disturbed soil features, or in imaging the response from large pig cadavers buried next to clay horizons. This suggests that GPR could be a viable tool for forensic investigations, but imaging the presence of any cadavers buried in complex environments could be extremely difficult and a reliable interpretation of the GPR dataset would require highly experienced and competent researchers [16].
In this study, the burial depth within the made-ground layer, the small target size and the lower resolution of the 450 MHz antennae prevented identification of GPR anomalies directly correlated to the presence of the target in raw data. Because of strong attenuation in the wet, clayey soil, no clear hyperbolic reflection were noticed below an undulating, discontinuous, 0.5 m deep, surface created from the made-ground/natural clay deposits interface (dashed in Figure 7a). Hyperbolic reflections from the target located above this discontinuity could be masked by the hyperbolic reflections from made-ground materials. However, after processing, it was possible to identify sharp vertical discontinuities of the gently dipping, shallow stratigraphy, which marked the lateral extent of the burial pit (Figure 7a). 
The GPR response from the disturbed backfill inside the pit resulted in locally more intense, quasi-horizontal reflections probably due to enhanced reflectivity caused by accumulation of conductive fluids from the decomposing cadaver at the grave base. This interpretation is supported by the increased conductivity at the grave location in the corresponding bulk-ground resistivity map (Figure 7c) and by analysis of groundwater samples collected from lysemeters [14]. Indeed, the fluid from the grave was consistently more conductive than the site groundwater, with the discrepancy increasing over time during the 24-week study period [14], whereas only small differences in porosity and slight increase in saturation were measured between grave and control soil [14]. In addition, preliminary results of ICP-MS analysis of the groundwater revealed enhancement in grave fluid samples of distinctive elements (calcium, potassium, sodium and magnesium) associated with a release of nutrients into the soil beneath cadavers during active decay. 


Figure 7. ‘Juvenile’ project: GPR and bulk ground resistivity. (a) Processed and interpreted radargrams (450 MHz) showing the shallow stratigraphy and the burial site location (b) Selected GPR time slice (450 MHz) showing the location of the analyzed profiles (arrows), high-amplitude anomalies from the grave (rectangles) and possible fluid accumulation (circle). (c) Processed bulk ground resistivity survey collected on the same day as the GPR survey, showing a low-resistive anomaly (black) that could be correlated to the target position

Probably driven by the heavy rainfall, the conductive fluid associated with the ‘grave’ seems to migrate outward from the SE side of the grave in the downslope southward direction (Figure 7c) and progressively reduces in strength from background value in the following weeks [14]. However, the persistence of the negative peak at the NW side of the grave continues up to 24 weeks post-burial which is interpreted as a local accumulation of leachate fluid. 
The GPR processed time-slice maps (Figure 7b) clearly show a rectangular high-amplitude anomaly of the correct size and location of the known ‘grave’, especially in the intermediate slice where the masking effect of the reflections from the made-ground layer above is reduced. This anomaly is probably caused by the relatively higher amplitude of soil reflections overlaying the decomposing pig. A weak anomaly is also visible in the deepest slice that correlates well with the NW low-resistivity peak. 
Accurate processing and time-slice visualization was crucial for the analysis of the GPR data and the successful detection of the grave anomaly in this difficult situation. The detection of the grave would also have been difficult using the resistivity maps alone, because of the presence of other, even stronger, negative anomalies. The repetition of the resistivity survey at regular time intervals and the integration with GPR and site measurements were essential for a comprehensive understanding of the physical subsurface modifications occurring during active decomposition of carcass cadavers in such complex environments.
V. CONCLUSIONS
This paper details recent near-surface GPR surveys over two simulated clandestine burial case studies in an urban environment and compares them to the findings from resistivity surveys. In both cases (a 12 year old adult and a recently buried juvenile) the raw GPR datasets were particularly difficult to interpret due to the heterogeneous nature of the shallow subsurface masking the subtle geophysical responses from a clandestine grave. Only after careful 2D profile processing and 3D visualisation as depth-slice maps, could the subtle anomalies be identified. Their location correlated well with resistivity anomalies and the known ‘grave’ positions. The adult case study provided an invaluable tool for comparing the effectiveness of two different antennae (450 and 900 MHz), whilst the juvenile case study showed the need of very short profile spacing (<25 cm) in order to map small-area clandestine burials in complex, urban environments. Both accurate elevation surveys and topographic correction of GPR data were essential to recognize sloping stratigraphical boundaries and isolate the GPR anomalies that were a combination of physical remains and leachate fluid accumulation at the base of the burial pit. The combination of different geophysical techniques proved optimal to gain an increased understanding of how geophysical surveying may be best utilized to locate graves in complex environments.
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